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DESIGN PROCEDURES FOR FIBER COMPOSITE STRUCTURAL COMPONENTS: 
PANELS SUBJECTED TO COMBINED IN-PLANE LOADS 
Christos C. Chamls* 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 

Step-by-step procedures are described which can be used to design panels 
made from fiber composite angleplled laminates and subjected to combined In- 
plane loads. The procedures are set up as a multi-step sample sample design. 
Steps In the sample design procedure range from selection of the laminate con- 
figuration to the subsequent analyses required to check design requirements 
for (1) displacement, (2) ply stresses, and (3) buckling. The sample design 
steps are supplemented with appropriate tabular and graphical data which can 
be used to expedite the design process. 


INTRODUCTION 

The design of fiber composite structural components requires analysis 
methods and procedures which relate the structural response of the component 
to the specified loading and environmental conditions. The structural response 
Is eventually compared to given design criteria for strength, displacement, 
buckling, vibration frequencies, etc, In order to ascertain that the component 
will perform satisfactorily. 

Though there are several recent books on composite mechanics available 
(refs. 1 to 6), none covers design procedures for fiber composite structural 
components In any detail. A sample design Is presented herein in step-by-step 
detail to Illustrate procedures for designing structural components such as 
panels and other similar components subjected to combined In-plane loads 
(fig. 1). This Is accomplished by assuming a laminate configuration for the 
component and then checking to verify that It meets all the specified design 
requirements. The laminate selected Is not particularly unique. In describing 
the sample design, It Is assumed that the reader has some familiarity with 
mechanics of materials and fiber composites. Allowable stress (strength) as 
used herein denotes fracture stress. The safety factor Is applied to the 
specified load to obtain the design load. 

Limiting design requirements considered Include displacements, ply 
stresses, and panel buckling. Procedures are briefly outlined which can be 
used to design panels for hygrothermal environments, cyclic loads, and lami- 
nation residual stresses. The sample design Is based on a graphite-fiber/ 
epoxy-resin composite (AS/E). Unidirectional composite (ply) data for this 
and other typical composites are summarized In table I. Specific AS/E data 
used to expedite the numerical calculations are graphically 
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presented In figures 2 to 5. The theoretical concepts and most of the equa- 
tions used are from references 7 to 13. These references provided general 
background Information, correlation with available experimental data as well 
as graphical Information similar to figures 2 to 5 for several other composite 
materials; Including hybrids. The notation employed Is defined when used and 
summarized In the SYMBOLS section. Some repetition Is unavoidable for the 
sake of clarity. Collectively, this multi-step sample design provides an 
Illustrative step-by-step procedure which Is described for the first time and 
which Is a sequel to those presented previously for rods, beams, and beam 
columns (ref. 14). 


SYMBOLS 

APL angleplled laminate 

AS/E AS graphlte-flber/epoxy-matrlx composite 

a panel x-dlmenslon 

B cyclic load degradation coefficient 

b panel y-dlmenslon 

E modulus-equivalent 

E c laminate modulus - subscripts x,y denote structural axis 

directions 

Eg, ply modulus - subscripts 1,2 denote ply material axis directions 

E 0 ±e laminate modulus - subscripts 1,2 denote ply material axis 

, directions 

FVR fiber volume ratio 

G CX y laminate shear modulus (x-y plane) 

Gj ^2 Pi)/ shear modulus (1-2 plane) 

G 0l 2 ±0 laminate shear modulus (1-2 plane) 

^ ply stress Influence coefficient - subscripts denote ratio 

ply-stress/lamlnate-stress 

M moisture, percent by weight; subscripts: t-ply, C-lamlnate 

MOS margin of safety 

N number of cycles 

N c In-plane loads - subscripts x,y denote structural axis direction 


Nj, number of piles - subscripts, 0, 90, ±e denote respective 

orientations 

Pj, ply property; subscripts: O-reference, HT-hygrothermal 

Q c reduced laminate stiffness - subscripts x,y denote structural axis 

directions 

Qa, reduced ply stiffness - subscripts 1,2 denote ply material axis 

directions 

Qe reduced stiffness for ±e symmetric laminate - subscripts 1,2 

denote material axis directions 

Sfc ply strength - subscripts 1,2 denote ply material axis directions; 

subscripts T, C, and S denote, respectively, tension, 
compression, and shear 

Sjw fatigue strength - subscripts: 0-referencc, N-fatlgue cycles 

S&NA fatigue strength allowable for N cycles 

T use temperature 

Teg glass transition temperature, dry conditions 

Tqw glass transition temperature, wet conditions 

T 0 reference temperature 

AT temperature change 

t thickness - subscripts: c-lamlnate, 1-ply 

u In-plane displacement along x-axIs 

V p ply thickness ratio - subscripts e, 0, 90 denote ply to which 

the ratio applies 

v In-plane displacement along y-axls 

x,y,z structural axis coordinate directions 

1,2,3 material axis coordinate directions - one taken along the fiber 

direction 

[-/-/-Is laminate configuration designation - numbers In the blanks denote 
ply stacking sequence and orientation - subscript S denotes 
symmetry about ply in last blank space 

<* c laminate thermal expansion coefficient - subscripts x,y denote 

laminate structural axis directions 

aj_ ply thermal expansion coefficient - subscripts 1,2 denote ply 

material axis directions 
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<xq ±9 laminate thermal expansion coefficient - subscripts 1,2 

denote material axis directions 

i 

B c laminate moisture expansion coefficient - subscripts x,y denote 

• laminate structural axis directions 

Pi ply moisture expansion coefficient - subscripts 1,2 denote ply 

material axis directions 


Pe 


C c 


c l 

0 

A0 


«C 


n 


a c 

a i 


c( cr) 
Conversl 


±6 laminate moisture expansion coefficient - subscripts 1,2 
denote material axis directions 

laminate strain - subscripts x,y denote structural axis directions 

ply strain - subscripts 1,2 denote material axis directions 

ply orientation angle measured from the x-lamlnate structural axis 
to the 1-ply axis and taken positive 

In-plane rotation due to shear 

laminate Poisson's ratio - subscripts x,y denote structural axis 
directions 

ply Poisson's ratio - subscripts 1,2 denote ply material axis 
directions 

laminate stress - subscripts x,y denote structural axis directions 

ply stress - subscripts 1,2 denote material axis directions, 
ST-statlc and CYC-cyclic 

buckling stress - subscripts denote type 

on factors: 


MPa 6.89 ksl 

ksl 0.145 MPa 

°C 5/9 (°F - 32) 


COMPOSITE PANELS - GENERAL 

Composite panels (membranes) are structural components which generally 
have a rectangular shape. They can be used Individually (fig. 1) or as members 
of built-up structural components (fig. 6). They usually are designed to sup- 
port combined In-plane loading conditions (fig. 1). The loading conditions 
can Include: (1) static loads, (2) static with superimposed cyclic loads, (3) 

hot-wet (hygrothermal) environmental effects, and (4) lamination residual 
stresses. We will present a sample design for static loads only, and we will 
briefly outline the procedures to be used for analyzing for loading conditions 
(2) to (4). 
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SAMPLE OESIGN FOR STATIC LOADS 


Structural component: 


Rectangular panel, 15 by 10 In 



,l 1000 lb/in 



2000 lb/in 

►X 


Displacement limits: 


Safety factor: 
Composite system: 
Design procedure: 


STEP 1. Design variables: 


STEP 2. Design loads: 


STEP 3. Composite material, 
properties (ply and 
angleply) 


0.5-percent of edge dimensions and 
l°-shear1ng angle 

2.0 on specified load 

AS/E, about 0.6 fiber volume ratio (FVR) 

Rectangular panel designed to not 
exceed displacement limits, or ply 
strengths, or buckle at design load. 
Specified-load ply stresses may be used 
Instead of design load ply stresses to 
compute matrix-controlled ply strength 
margins when the fiber-controlled 
stress margins are relatively large. 

Number of plies, ply orientations, and 
ply stacking sequence. 

Safety factor times specified loads - 
N cxx » 2 x 2000 lb/1n = 1000 Ib/ln 

N cyy » 2 x 1000 Ib/ln » 2000 lb/in 

N C xy = 2 x 1000 Ib/ln = 2000 lb/in 


AS/E, table I and figures 2 and 3 


STEP 4. Select laminate configuration 


a. Number of 0°-pl1es => Design load (N cxx )/(long1tud1na1 tensile strength 
( Sfi,i i r 3 220 °00 psl) * Ply thickness (tj, a 0.005' In)) 

N . Ass iag.OJ.bZln 3 64 ~ 4 

\0 - S lllT t )l " 220 000 lb/sq In X 0.005 In " 4 


Use Nag = 8 (double because of the combined loading) 
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b. Number of 90 # -pl1es ■ Design load <N C yy/< longitudinal tensile strength 
(Suit x ply thickness (ti)) 

M . N cvv 2000 lb/in „ i 82 ~ 2 

N 190 " S^t^ " 220 000 lb/sq In x 0.005 In " ,,0<: 

Use Ntgo » 4 (double because of the combined loading) 

c. Number of ±45° plies » Design load (N CX y) x one-half the ratio of the 
ply longitudinal (Em « 18.5 mpsl) to ±45° composite shear modulus 
(Gei2 5,8 wps 1 >/( longitudinal compressive strength (Smc « 

160 000 psl) x ply thickness (tj, » 0.005 In)) 

M N CXV * (1/2)(E 111 /G el2 ) 2000 lb In (1/2)08.5/5.8) , R 

\±45 “ S l11c x \ ° 180 000 lb/sq In x 0.005 In " ' , * D 

Use Nj ^±45 b 8 (double because of the combined loading) 

Therefore, the laminate Is 20 plies (8 at 0°, 8 at ±45, and 4 at 90°). 
The laminate thickness (t a ) Is 20 x 0.005 In « 0.10 In. 

d. And the required laminate configuration (using the conventional 
designation) Is: 

[±45/0/90/0] 2 s 

Notes: 

1. The laminate was Initially sized using fiber-controlled properties. 
The number of plies In each orientation was doubled In order to 
approximately account for the combined loading stresses which are 
resisted by matrix-controlled properties. 

2. The ±45°-pl1es were placed on the outside for Increased shear 
buckling resistance. 

3. The longitudinal compression strength was selected for determining 
the number of ±45° plies because this Is less than the longitudinal 
tensile strength (180 000 psl < 220 000 psl, table I). 

STEP 5. Determine the laminate reduced stiffness coefficients. These 
coefficients are given by the following formulas (ref. 8): 


Qcxx 3 v Pe Pell + V P0 Pill + V P90 Pi22 
Qcyy ° V P6 Pe22 + V P0 P&22 + V P90 Pill 


Pcyz = Pcxy B v Pe Pel 2 + V P0 Pal 2 + V P90 Pl21 


Sexy 85 Vpe Pe33 + V P0 Pl33 + V P90 Pl33 

4U4 a C xn nl 1 or 

0.4 


thickness of ±9 plies _ /9n 
v pe = thickness of APL " 
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a 


thickness of 0 ®-pl 1 es 
thickness of APL 


8/20 - 0.4 


r P0 


u thickness of 90®-pl1es 
V P90 “ thickness of APL 


4/20 » 0.2 


Check: Vpe + Vpo + Vpgo “ 1.0 

0.4 + 0.4 + 0.2 « 1.0 o.k. 


From figure 3 at e » 0°, ±45°, and 90° we have: 


e » 0® 

6 «. ±45® 

0 « 90® 

0111 » 19 mpsl 
0l22 B 2 mpsl 

011 2 “0,5 mpsl 
0l33 ° 0.5 mpsl 

Qel i »6 mpsl 
Q 022 0 0 mpsl 
Qel 2 “ 5 mpsl 
0c33 = 5 mpsl 

Qd.22 B 2 mpsl 
Qd.ll ° 19 mpsl 
O 121 “ 0,5 mpsl 
Q 133 b 0.5 mpsl 


Using the respective equations and Vp values, we obtain: 

Ocxx “ v pe Oen + V P0 Qfi.1 1 + V P90 Qa .22 
q C xx ° (0*4x6 + 0.4x19 + 0.2x2)mps1 
Qcxx “ 10*4 mpsl 

Qcyy “ v pe 0e22 + V P0 0i22 + V P90 Oil) 

Q C yy « (0.4x6 + 0.4X2 + 0.2xl9)mps1 

Qcyy a 7.0 mpsl 

Ocxy ■ V P 0 0el2 + V P0 Oil 2 + V P90 0l21 
Qcxy B (0.4x5 + 0.4x0. 5 + 0.2x0.5)mps1 
Ocxy a 2.3 mpsl 


Ocxy = v Pe O 033 + Vpo Qjl33 + V P90 0r, 33 
G cxy = (0.4x5 + 0.4x0. 5 + 0.2x0. 5)mps1 
6 CX y B 2,3 mpsl 

STEP 6 . Determine the laminate elastic coefficients (moduli): These are 

determined by using the values of the Q c 's from STEP 5 In the 
following equations (ref. 8 ). 

Ecxx B Qcxx — 0?xy/0cyy ^ (10.4 _ 2.3 x 2.3/7.0)mps1 a 9.6 mpsl 
E C yy B Qcyy ~ Q?xy/Qcxx “ (7.0 - 2.3 X 2.3/10.4)mps1 = 6.5 mpsl 
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v cxy ■ Qcxy/Qcyy * (2.3/7.0) » 0,33 
G CX y . G CX y * 2.3 mpsl 

v C y^ * Wjj(y E C y V /E cxx * 0.33 X 6. 5/9.6 ■ 0.22 

STEP 7, Determine the composite stresses at design loads: The composite 

stresses are: 

c* cxx ■ Ncxx^c * 4000 Ib/ln 0.10 In • 40 000 psl 

tf cyy * N C yy/t c * 2000 lb/in t 0.10 In « 20 000 psl 

<j cx y * N cx y/t c - 2000 Ib/ln + 0.10 In - 20 000 psl 

STEP 8. Check displacement limits: These are determined from the composite 

strain/stress relationship as follows: 

a. Along X < u/a) : 

(u/a) - *cxx B (^cxx^cxx - w cyx <*cyy/ E cyy) * 100 

(u/a) b (40 000/9 600 000 - 0,22 x 20 000/6 500 000) x 100 « 0.35 percent 

Check: (u/a) < 0.50 percent 

0.35 percent < 0.50 percent o.k. 

The margin of safety (MOS) Is: 

M0S - otf - 1 - °- 43 

b. Along y (v/b): 

(v/b) a cyy = (-v CX y °exx/ E cxx + °cyy/ E cyy) x ^0 

(V/b) » (-0.33 x 40 000/9 600 000 + 20 000/6 500 000) X 100 * 0.17 percent 

Check: (v/b) < 0.50 percent 

0.17 percent <0.50 percent o.k. 

MOS b - 1 =1.94 

c. Change In angle (ae) 

66 ss tan“ 1 (ac CX y/b) = tan’"^(aog X y/^^cxy) 

66 « tan- 1 (3 x 20 000/2 x 2 300 000) » 0.75° 

Check: 66 < 1 .0“ 

0.75° <1.0° o.k. 
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MOS - - 1 - 0.33 

* g 

Note: The ratio (a/b) was used to provide an overestimate on ae, 
Therefore, the selected laminate satisfies the displacement design 
requirements at design load. 


STEP 9. Check ply stress limits: These are checked by performing ply stress 
analysis using the ply stress Influence coefficients (PSIC). The PSIC 
are denoted by where a/0 denotes the ply-stress to laminate 

stress ratio. Specifically, a denotes the ply stress to be calculated 
(a «: L for longitudinal (cm)» T for transverse (ag^b and 
S for Intralaminar shear (an?)) due to laminate stress 0 (0 ■: 

X for a cxx y for aryy ana S for a CX y). The equations 

for these coefficients (ref. 8) are given below as each ply stress Is 

calculated. 


a. Stresses In the 0°-d1v -- longitudinal . - The general equation for the 
ply longitudinal stress (am) In contracted and expanded form Is: 

°J,11 ■ t^L/X a cxx + ^L/V <* C yy + <^L/S a CX y 

c'jli 1 “ ( E ni/ E cxx)( cos20 - u cxy s )n 2 e)a cxx 

+ (EjLll/E c yy)(Sl n 2 © - «cxy COS 2 0)a C yy 

+ (En 1 2/G cxy )[(l - u j,21 )s1n20]a CX y 

Using previous values for E c and v c (STEP 6) and a c (STEP 7), 

0 = 0° and figure 2 at 0-0° for Em (10.5 mpsl) and 
e » 90° for vj, 2 i (0.03) In the above equation, we calculate: 

am - l(1B.5/9.6)(1 .0 - 0.33x0)40 000 

+ (18.5/6.5) (0 - 0.33X1)20 000 

+ (18. 5/2x2. 3)[(1 - 0.03) X 0] 20 000} psl 

am - [77 083 - 18 785 + 0] psl « 50 298 psl 

Check: am S. SjmT 

58 298 psl < 220 000 psl o.k. 


The margin of safety (MOS) Is 


MOS 


S tllT , 220 000 

" ‘Ml 58 298 


1.0 


2.77 


Note: The MOS Is an additional factor of safety on the ply stresses at 

design load. In this case It Is greater than two because of the 
stresses resisted by the ±45° plies and the Poisson's stresses due to 

a c yy. 
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Stresses In the 0°-p1y transverse . - The general equation for the ply 
transverse stress (^ 22 ) In contracted and expanded for Isj 

d l22 " «^T/X <j C xx + i^T/Y o C yy + ^T/S d cxy 

d i22 ■ ( E t22/ E cxx)[('>ii2 - w cxy) cos2 ° + (1 - «cxy w 8.l2) s Jn 2 0]«*cxx 

♦ ( E i22/ E cyyHO - w cxy w il2) cos2 o + («ii2 - u cxy)^n 2 e]o cy y 

- ( E 8.22 /2G cxy)[0 ” w M2) s ^ n20 l d cxy 

Proceeding as for above and obtaining Ee 22 (2 mps 1 ) and 

V 412 (0.25) from figure 2 at e » 0°, we calculate: 

d t22 - {(2/9.6)1(0.25 - 0.33) X 1.0 + (1 - 0.33x0.25) x 0] x 40 000 

+ (2/6.5)C(l - 0.33x0.25) x 1.0 + (0,25 - 0.33) x 0] x 20 000 

- (2/2 X 2.3) [( 1 - 0.25) X 0] x 20 000} psl 

d l22 " t-667 + 5646 - 0] psl » 4979 psl 

Check: <Jg,22 £ %22T 

4979 psl < 8000 psl o.k. 

I 

The margin of safety Is 
MOS « - 1.0 a 0.61 

S tresses In the 0°-plv — Intralaminar shear . - The general equation for 
the ply Intralaminar shear (a^ig) In contracted and expanded form Is: 

d tl2 * v^S/X o CX x + «^S/Y tf c yy + #s/s «cxy 

d ai2 B - ( G JL12/ E cxx)[n + u cxy) s1n20 3 d cxx 

* ( G 8,12/ E cyy)Cn + wcxy) sln2e ] d cyy 

+ (Gn2/ G cxy)( cos2e ) d cxy 

Proceeding as for onj or' 0^22 and obtaining (0.5 

mps 1 ) from figure 2 at e <» 0°, we calculate: 

d ll2 “ { “ (0.5/9, 6) [(1 + 0.33) x 0] X 40 000 
* 

+ ( 0.5/6. 5) [(1 + 0.33 x 0] X 20 000 

+ (0, 5/2,3) [1 ,0] X 20 000) psl 

d JLl2 B (” 0 t 0 t 4348) psl b 4348 psl 

Check: cfjn 2 ~ G £12S 

4348 psl < 10 000 psl o.k. 
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The margin of safety Is 


MOS 


10 030 
" 4340 


1.0 


1.30 


Therefore, the stresses In the 0°-pl1es meet the ply strength design 
requirements at design load with substantial margins In both fiber 
controlled (o a n) and matrix controlled and <* 8 , 12 ) 

strengths. 

b. Str esses In the ±45° ply — longitudinal . - The general equation for the 
ply longitudinal stress (om) Is 

o&ll - <Ejtn/E c xx)(cos2e - u cyy s1n 2 e>c' c xx 

+ ( E ?.l 1 /Ecyy > ( s 1 n 2 © - t) Cxy cos 2 o)a C yy 

+ ( Ejlt i/20, C xy)[(1 - y a ,21 ) 5 ^ n2 ®) d cxy 

Using 8 ■ 45° In the above equation, laminate properties (E c , 
u c , and G c ) from STEP 6, laminate stress (a c ) from STEP 7 and ply 
properties (Ej^ « 18.5 mpsl and vj^i » 0.03) from figure 2 at 
e-0 and 6 « 90, respectively, we calculate; 

*» 

o&n « {(18.5/9.6){0. 5 - 0.33x0.5) 40 000 

+ (18.5/6.5X0.5 - 0.33x0.5) 20 000 

+ (18. 5/2x2. 3)[<1 - 0.03) X 1.0) 20 000) psl 

ajtii - [25 823 + 19 069 + 78 022] psl - 122 914 psl 

Check; < **8,1 IT 

122 914 psl < 220 000 psl o.k. 

The margin of safety Is 


MOS 


120 000 . n 
122 914 " l,u 


- 0.79 


Str esses In the +45°-n1y — transverse . - The general equation for the 
ply transverse stress ( <^2.22 ) 

°8,22 = ( E l22/ E CXx)C< v il2 - tJ CX y)COS 2 0 + (1 - w CX y «S.l 2 ) s 1 ° 2e 3 ^C XX 

+ ( E a22/ E cyy>[0 - u cxy ni2) cos20 + (m2 - v cxy) s ' n20 3«cyy 

- (E i2 2 / 2 G CX y)[(l - u a.l2) s ^ n2e ] flr cxy 

Proceeding as for mi above with Eg^ - 2 mpsl (fig. 2, e 
- 0°) and t> 4 i 2 - 0.25 (fig. 3, 0 - 90°), we calculate: 


a *22 - {(2.0/9.6) [(0.25 - 0.33) X 0.5 + (1 - 0.33x0.25) X 0.5] 40 000 
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+ <2.0/6.5)[(] .0 - 0.33x0.25) X 0.5 + (0.25 - 0.33) x 0,5] 20 000 

- ( 2 . 0/2x2 . 3 ) [ ( 1 - 0,25) X 1.0] 20 000} psl 

d| 22 - [3490 * 2577 - 6522] psl - -455 psl 
<*122 « 0 for all practical purposes. 

S tresses in the ±45-plv — intralaminar shear . - The general equation 
for the ply Intralaminar shear stress Is 

<*£12 « - (Gii 2 /Ecxx )[0 * w cxy) s ^ n 2 e l <, cxx 

+ ( G 8 . 12 ^cyy )[[1 + u cxy) s * n 2 e l°cyy 

+ G 8 . 12 / 6 cxy)( cos20 ) <, cxy 

Proceeding as for 09,11 or 09,22 above with G^i 2 ■ 0,5 
mpsl (fig. 2 , e ■ 0 ° or 90°) we calculate: 

a m - C- (0.5/9.6)[(l ♦ 0,33) X 1.0] 40 000 

+ (0.5/6.5)[(l + 0.33) X 1.0] 20 000 


+ (0.5/2.3)(0) 20 000} psl 


<* 5,12 = [- 2771 + 2046 + 0] psl « -725 psl 
<* t 12 « 0 for all practical purposes. 

Therefore the stresses In the +45° plies meet the ply strength design 
requirements. Note the only significant stress In this ply Is 
c* t n. The other two (<>#,22 anct °s.l2) are negligible. 

c. Stresses In the -45°-p1v . General comment: The numerical calculations 

for the stresses In this ply (or - 0 * ply In general) are the same as 
those for the +45° ply (or +e° ply In general) except for sign changes 
In the s1n2e term In the equation. Repeating here the sum for each 
ply stress and using the proper sign we have: 


St resses In the -45° ply — longitudinal , (see 09 , 11 , P ar ^ b. above) 
= (25 023 + 19 069 - 78 022] psl - -33 130 psl 


Check: 


°fi.ll 1 s llic 

33 130 psl < ISO 000 psl 


o.k. 


The margin of safety Is 


HOS 


180 000 
33 130 


1.0 = 4.43 
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Stresses In the -45° ply — transverse . - This stress Is determined from 
the ^122 stress, for the +45° ply but with the correct sign for 
the s1n2e term. Referring to the calculations for 0422 above, 
we have: 

0^22 0 [3490 + 2577 - (-6522)] psl « 12 589 pst 

Check: <*122 — ^Jt22T 

12 589 psl < 8000 psl n.g. 

The margin of safety Is 
HOS » .♦ 1.0 » -0.36 

Thus, the transverse stress In the -45° ply exceeds the ply strength 
design requirements at design load. At this point we check the margin 
at the specified load since (1) this Is a matrix-controlled property, 
and (2) the margin for is 4.43 at design load. The trans- 

verse ply stress In the -45 i ply at specified load Is one-half of that 
calculated for the design load since the design load Is twice the speci- 
fied load (see STEP 2). Thus at specified load: 

<»&22 • 1/2(12 5B9) psl « 6294 psl 

Check: <*i22 - ^8.22T 

6294 psl < 8000 psl o.k. (at specified load) 

The margin of safety at specified load Is 

HOS b ~~ - 1.0 « 0.27 

Stresses In the -45° ply — Intralaminar shear . - This stress Is the 
same as that for the +45° ply but with opposite sign. Referring to the 
calculation for ^12 above, we have 

°M2 s f 2771 “ 2046 + 0] Psl a 725 psl 

o al 2 « 0 for all practical purposes. 

Therefore, the longitudinal and Intralaminar shear stresses in the -45° 
ply meet the design requirements at design load while the transverse 
stress <*422 meets the design requirements at specified load. 

d. St resses In the 90°-p'lv — longitudinal . - The general equation for the 
ply longitudinal stress < "ai 7 ) l s: 

<*1111 = (^ll/Ecxx)(c°s 2 © - i> C xy s1n 2 ©)<* cxx 

+ ( Ej.1 1 /^cyy ) ( sin 2 © - v cX y cos 2 ©)<* C yy 

+ (E all /2G cxy )[(l - t> 42 i )s1n20]<* cx y 
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Using 6 » 90° In the above equation, laminate properties (E c , v c , 
and fir ) from STEP 6 , laminate stresses (<j c ) from STEP 7 and ply 
properties (Em « 18. 5 mpsl, 0921 » 0.03) from figure 2 at 
6 « 0° and 0 « 90° respectively, we calculate: 

oj tn « {(18. 5/9 . 6 ) ( 0 - 0.33X1.0) 40 000 

+ (18. 5/6 .n) ( 1 .0 - 0.33x0) 20 000 

+ (18.5/2X2.3) [<1 - 0.33) 0] 20 000] psl 

om * [- 25 430 + 56 923 + 0] psl » 31 405 psl 

Check: 09,11 < S^-j n* 

31 405 psl < 220 000 psl o.k. 

The margin of safety Is 


M0S 


220 000 
31 485 


. 0 s 6.00 


Stresses In the 90°-p1v — transverse . - The general equation for thl 
ply transverse stress ( 0922 ) Is: 

H22 " ( E H22 /E cxx>C(ni2 “ »cxy) cos2e + (1 - u cxy H12) s1n2e )K'XX 

+ ( E a 22 / E cyyHO - «cxy u U2) cos2e + ( u fi,l2 “ “cxyJs^^cyy 

+ (E l2 2/2G cxy )[(l - »!L12)s1n20]rt CX y 

Using 0 » 90° In the above equation, laminate properties (E c , v c , 
and G c ) from STEP 6 , laminate stresses (o c ) from STEP 7, and ply 
properties (£ 3,22 n 2 mpsl, U 912 = 0.25) from figure 2 at 0 = 0 ° we 
calculate: 


09 22 a {(2.0/9.6) [(0.25 - 0.33) 0 + (1.0 - 0.33x0.25) 1.0] 40 000 

+ (2.0/6 . 5) [( 1 .0 - 0.33X0.25) 0 + (0.25 - 0.33) 1.0] 20 000 

+ (2. 0/2x2. 3) [(1 .0 - 0.25) 0] 20 000]} psl 

08,22 = [7646 - 492 + 0] psl = 7154 psl 

Check: 09,22 £ s t22T 

7154 psl < 0000 psl o.k. 


The margin of safety Is 


M0S 


8000 

= 7154 " 


.0 


0.12 


Stresses In the 90°-p1v — Intralaminar shear . - The general equation 
for the ply Intralaminar shear stress ( 09 , 12 ) Is: 


<>112 “ “ <Gll2/Ecxx>m ♦ wcxy) s ^ n20 ]°cxx 
+■ (Gjti2^cyy) [(1 + v cxy) s ^ n20 3 < *cyy 
+ ( G m2/ G cxy)( cos20 ) e, cxy 

Using 0 * 90° In the above equation, laminate properties (E c , v c , 
and G c ) from STEP 6, laminate stresses from STEP 7 and the ply prop- 
erty (Gj,i2 a 0.5 mpsl) from figure 2 at e ■ 0° or 90°, we calculate: 

<>112 - i - (0. 5/9.6) [(1 + 0.33) 0] 40 000 

+ ( 0 . 5/6 . 5) [ ( 1 + 0.33) 0] 20 000 


+ ( 0 . 5/2 , 3 ) ( — 1 .0) 20 000) psl 


<>112 ■ [~ 0 + 0 - 4340] psl n -4348 psl 


Check: 



o.k. 


The margin of safety Is 


MOS 


10 000 
|-4340| 


1.0 » 1.30 


Therefore, the stresses In the 90° plies satisfy the ply strength design 
requirements at design load. 


The results of the ply stress analysis for the combined loading con- 
ditions, Including ply strength and margins of safety, are summarized In 
table II. From the results presented In this table, several Interesting 
observations/conclusions can be made that can be used as guidelines for 
selecting [±e/0/90]s laminate configurations for combined loadings. 

Some of these are, (1) fiber stress limits are controlled by the longitudinal 
strength In the ±45°-pl1es and generally the +e plies (e < 45°); (2) matrix 
stress limits are controlled by the transverse tensile stress In the -45° plies 
and generally the -e plies {e > 30°); and (3) laminates configured to sat- 
isfy matrix-controlled stress limits under combined design load will have sub- 
stantial margins for fiber-controlled properties. 


STEP 10. Check shear buckling. Shear buckling Is estimated by using the 
following approximate equation If the tensile stresses (<? cxx an( * 
«cyy) are neglected 


Jcr) 

cxy 


7JT 2 t 2 E 


12b (1 - i> cxy u C y X ) 


(1 < a/b < 2) 




cxx E cyy G cxy 
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From STEP 6 we have, the 


v c X y ■ 0 # 33 

v C yx “ 0*22 
E cxx « 9.6 mpsl 
E C yy ° 6.5 mpsl 
G CX y a 2.3 mpsl 

Using these moduli values In the equation for E, we calculate: 

E H ^4 X 9.6 X 6.5 X 2.3 mpsl » 8,31 mpsl 

Using this value for E, the values for v cxy and t> cyx , b « 10 In 
and t c a o.i in, In the equation for we calculate: 

a (cr) . 7JT 2 (0.1) 2 ip 2 » B.31»)0 b lb . 5)59 ps , 

cxy 12 x 10 In x 10 In x (1 - 0.33x0.2) In* 

Check: > °cxy (design) 

5159 psl < 20 000 psl 

H ° s = aFooo " T * 0 ■ - 0 - 74 


Therefore, the shear buckling stress needs to be checked In combination 
with the two normal (<* cxx and °cyy) tensile stresses. 

An estimate of buckling resistance may be obtained from the approximate’ 
Interaction equation given by 


cxx 

+ ( 

C ( cr ) 

^ " 

cxx 

cyy \ 

where 

load. 

<*cxx» a cyy 
The buckn 


cxv 

,(cr) 

cxy 


t 1,0 > 0 


and <j CX y are the laminate stresses at design 
Ing stresses <*£££) and are 

roughly approximated from 


o ( ‘ r> = o! Cr) 




cyy 


cxx 


12b (1 - u cxy « cyx ) 


(S- !) 


where E and v c are the same as before. Using respective values 
for the moduli, Poisson's ratios b, a, and t c , we calculate 


,(€!•) . 0 (cr) K 
cyy cxx 


JT 2 x (0.11 2 In 2 x 8 310 000 lb 
12 x 10 In x 10 In x (1 - 0.33x0 


b /l5 JL0\ 

.22)^10 + 15 J 


psl 


■ •l™' * 3460 pst 


Substituting the following: 


tf cxx " 

40 000 ps 1 ; 

O^jj) a 3460 

psl 

tf c yy > 

20 000 psl; 

*{}$> “ 3460 

psl 

d CX y ■ 

20 000 psl; 

4S$) « 5159 

psl 

In the 

Interaction 

equation, we 

calculate 

40 000 

20 000 J 

( 20 000\ * . 

A t A 

3460 

+ 3460 ' \ 

^ 5159 J * '* 

0 > 0 

11.56 4 

r 5.78 - 14.86 + 1.0 B 3.40 >0 o 


For this case the MQS « 0.11. 

Therefore, based on the estimate obtained using the Interaction equation, 
the panel should not buckle at the design shear stress, provided that all three 
loads (N cxx , N C yy» and N cxy ) are applied proportionally and simultane- 
ously. This can also be stated as; N cyy and N cxy are proportional to 
N cxx . It Is Important to observe the dramatic positive effect of the normal 
tensile stresses on the shear buckling strength. A more accurate estimate may 
be obtained by using the equations for the buckling of composite panels given 
In reference 15 or by performing a finite element analysis. The conclusion 
from this sample design Is that the panel as designed satisfies all the dis- 
placement and shear buckling requirements at design loads and also the ply 
strength requirements, except for the transverse ply stress In the -45° ply 
which satisfies tne design requirements only at the specified loads, not the 
design loads. 

STEP 11. Sample design results summary (margins given on design load unless 
otherwise noted). 

a. Laminate configuration [±45/0/90/0]2S 

b. Margins of safety on displacement design requirements 


Displacement 

Margin 

(u/a) 

0.43 

(v/b) 

1.94 

AO 

0.33 


c. Margins of safety on ply stress limits 
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Ply 

Margins for stress 

p 

*111 

<^22 

0 H12 

0 

B9 

0.61 

1,30 

+45 

Kill 

CD 

CD 

-45 


a 0.27 

CO 

90 


0.12 

1.30 


a At specified load; this 
margin Is -0.38 at design load. 

d. Margin of safety on shear buckling stress 


Case (stress In psl) 

Margin for <?£££) 

^cxx 

°cyy 

<*cxy 

0 

40 000 

0 

20 000 

maunf 

-0.74 

_3.48 


DESIGN PROCEDURES FOR: HYGROTHERMAL EFFECTS, CYCLIC LOADS, AND LAMINATION 

RESIDUAL STRESSES - BRIEF OUTLINE 

Due to space limitations, the sample design described was only for com- 
bined static loads. However, the procedure and the governing equations used 
to design for hygrothermal effects, cyclic loads, and lamination residual 
stresses are the same. The ply strengths used to check stress limits change 
depending on the environment, the cyclic load history and lamination residual 
stresses. Some general guidelines are briefly described below. 


Hygrothermal Effects 

Hygrothermal (hot-wet) degradation of matrix-controlled ply properties 
(P lHT ) can be estimated using the following equation (refs. 7 and 11). 

When the use temperature (T) and moisture pickup (M) are known: 




( 1 ) 


t 6 w*(°.o 05 M a - o.i n t + i.o) t go 


( 2 ) 


where Tg^ Is the glass transition temperature of the wet unidirectional 
composite, Tqd is the glass transition temperature of the dry, unidirectional 
composite, T Is the use temperature at which P^HT ^ required, T 0 Is 
the reference temperature at which P^q was determined and Mj^ is the 
moisture In the ply In percent by weight. Hygrothermal effects on the stiff- 
ness of [±0/0/90 Js angleplled laminates are generally negligible. Since 
matrix (resln)-controlled ply properties (moduli and strengths) degrade at 
about the same rate (eq. (1)), the corresponding ply limit stress margins 
remain practically unchanged. One exception to this Is ply longitudinal 
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compression strength which may degrade substantially at elevated temperatures 
which approach the Tq^j. It can be concluded that [±e/0/90]s anglep'jled 
laminates selected to meet design requirements at room temperature conditions 
will generally satisfy hygrothermal environmental conditions so long as the 
use temperature does not approach Tqw» Calculations for thermal and hygral 
stresses are expedited using figures 2 to 5. 


Cyclic Loads 


Cyclic loads fatigue the laminate and, therefore, the ply stress limit 
needs to be checked against the fatigue strength of the’’ ply. The fatigue 
strength of the ply can be estimated using the following equation (refs. 10 
and 14) 


S 

^ - 1.0 - BlogN 
*10 


(3) 


where Sj^ Is the fatigue strength for the specified N cycles; S^q 
I s the reference static strength; B Is a constant depending on the composite 
system (0.1 Is a reasonable value, ref. 10); and N Is the number of cycles. 
Usually a safety factor (ranging from 2 to 4) Is applied to calcu- 
lated from equation (3). The procedure, then, Is to calculate and 

use this for the ply strength to check for the ply stress limits and to deter- 
mine the margins of safety. In the presence of combined static and cyclic 
loads, the ply stress limit Is estimated from the following equation (ref. 14) 


(4) 

1 INA 

where I s the ply stress (o&n, t»a,22» fl nd tf H2) due to design static 

load; ojtcyc Is the corresponding ply stress due to cyclic load; Sj, Is the ply 
static strength; and Is determined from equation (3) with an appropriate 

safety factor. 

Displacement and buckling stress limits are checked at maximum design 
load (static plus cyclic) magnitude (ref. 14). For these calculations damping 
and Inertial effects are usually neglected. 


Lamination Residual Stresses 

The lamination residual stresses generally Increase the transverse ply 
stresses. Consideration of these stresses results In thicker laminates In 
order to meet ply stress design requirements at combined loads. Lamination 
residual stresses can be determined following the procedures described In 
reference 9. The lamination ply residual stresses need to be superimposed on 
the other ply stresses prior to checking for ply limit stresses and margins of 
safety. 


> 
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CONCLUDING REMARKS 


Step-by-step procedures are described for designing panels made from 
fiber composite anglepl 1 ed laminates and subjected to combined In-plane loads. 
These procedures are set up as a multi-step sample design. The various steps 
Include the governing equations and subsequent calculations required to check 
that the design requirements are not violated. The sample design steps are 
supplemented with appropriate tabular and graphical data for expediting the 
design process. Some guidelines are described which can be used to select 
configurations for general [±e/0/90 ]§ angleplled laminates. Procedures 
for considering hygrothermal effects, cyclic loads, and lamination residual 
stresses are briefly outlined. 
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TABLE I. - TYPICAL PROPERTIES OF UNIDIRECTIONAL COMPOSITES AT ROOM TEMPERATURE 







TABLE II. - SUMMARY OF PLY STRESS ANALYSIS FOR COMBINED LOAD, ( [±45/0/90/0] 2S AS/E 

ANGLEPLIED LAMINATE) 


Load condition 
/strength 

Ply/ply-stress/strength (ksl), MOS-ratlo 

O’-Ply 

+45'-Ply 

-45*-Ply 

90’-Ply 

Ml 

a t22 

°il2 

Ml 

°i22 

M2 

Mi 

°l22 

M2 

Ml 

°t22 

°ll2 

Jcxx 

Scyy 

sW 

mSs 

77.1 

-18,1 

0 

58.3 

220.0 

2.77 

'-,y 

5.6 

0 

5.0 

8.0 
0.61 

0 

0 

4.3 

4.3 

10.0 

1.30 

25.8 

19.1 

78.0 

122.9 

220.0 

0.79 

3.5 

2.6 
-6.5 
-0.5 

8.0 

to 

-2.8 

2.0 

0 

-0.7 

-10.0 

25.8 

19.1 

-78.0 

-33.0 

-100.0 

4.43 

3.5 

2.6 
6.5 

12.6 

8.0 

a -0.36 

2.8 

-2.0 

0 

.8 

10 

00 

-25.4 

56.9 

0 

31.5 

220.0 

6.00 

7.6 

-0.5 

0 

7.1 

8.0 

0.12 

0 

0 

-4.3 

-4.3 

-10.0 

1.30 


a At specified load tills is ■<0.27. 


Notation: 


N c panel in-plane loads 
S t ply strength 

o. ply stress 

MOS margin of safety 


















ELASTIC PROPERTIES 



LAMINATE STIFFNESS, pa 







